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INTERMEDIATE BUS ARCHITECTURE
POWER SUPPLY

TECHNICAL FIELD

[0001] The present invention relates to Intermediate Bus
Architecture (IBA) power supply systems and more specifi-
cally to voltage regulation in a voltage converter of the IBA
power supply system.

BACKGROUND

[0002] A voltage converter can be used to supply power to
various kinds of electrical devices, and operates by converting
an input voltage received at its input terminal to an output
voltage provided at an output terminal of the voltage con-
verter. A voltage converter can take one of many different
forms, which may be selected depending on the requirements
of'the application at hand. For example, the switching voltage
converter (also known as a switched mode power supply,
SMPS) is a well-known type of voltage converter that is
well-suited to use in personal computers and portable elec-
tronic devices such as cell phones, for example, owing to its
small size and weight, and high efficiency. A switching volt-
age converter achieves these advantages by switching one or
more switching elements such as power MOSFETs at a high
frequency (usually tens to hundreds of kHz) to convert the
input voltage to an output voltage. A voltage converter may
take the form of a rectifier (AC/DC converter), a DC/DC
converter, a frequency changer (AC/AC) or an inverter (DC/
AC), for example.

[0003] There are, however, applications whose require-
ments cannot be met by a single voltage converter. For
example, the demand for ever faster and more complex signal
processing has fuelled the need for new generations of signal
processing systems having multiple high-performance pro-
cessors, which are characterised by their need for multiple
low supply voltages, high current demand and tight supply
voltage regulation requirements. These needs are met by
power supply systems such as the Intermediate Bus Architec-
ture (IBA) power supply system, which employ a multi-stage
voltage conversion arrangement having multiple voltage con-
verters to derive a number of tightly-regulated voltages from
an input power source.

[0004] FIG. 1 shows a schematic of a conventional IBA
power supply system 1000, which is an example of a multi-
stage power distribution system. More particularly, the power
supply system 1000 shown in FIG. 1 is an example of a
three-stage power distribution system, wherein power is fed
via one or more optional input stage modules to one or more
first stage voltage converters, and subsequently to one or
more second stage voltage converters. More specifically, in
this example, power from mains voltage sources V,,,,., and
V05 15 fed to respective inputs of an input-stage module,
which is provided in the exemplary form of a single Power
Input Module (PIM) 1100 in the present example. The PIM
1100 may also perform OR-ing between the mains supplies
Viineq a0d V- and, in addition, provide filtering and store
charge to handle interruptions in power delivery from the
mains voltage sources. The power output terminal of the PIM
1100 is connected via a power bus 1200 to the input of at least
one first-stage voltage converter, which is provided in the
exemplary form of an intermediate Bus Converter (IBC) 1300
in the present example. More generally, a plurality of input-
stage modules may be connected via the power bus 1200 to a
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plurality of first-stage voltage converters. The output of the
IBC 1300 is connected via an Intermediate Voltage Bus (IVB)
1400 to a plurality of second-stage voltage converters in the
exemplary form of Point-of-Load (POL) regulators 1500,
each of which delivers a regulated voltage to one of a plurality
ofloads 1600. As shown in the example of FIG. 1, any number
of POL regulators, 1500-1 to 1500-K, and any number of
loads, 1600-1 to 1600-K, may be provided and each load may
be connected to a plurality of POL regulators. For simplicity,
isolation barriers, Bus drivers, Bus isolators and signal filters
are not shown in FIG. 1.

[0005] In the interests of maximising the efficiency of the
IBC 1300, the IBC 1300 is typically chosen to provide an
unregulated output voltage, taking the form of a fixed voltage
conversion ratio DC/DC converter. Thus, the IBC 1300 pro-
vides a fixed voltage conversion ratio (i.e. input-to-output
ratio), most commonly 4:1, 5:1 or 6:1.

[0006] Inmore detail, the IBC 1300 is usually provided in
the form of an isolated voltage converter having a primary
side circuit, a secondary side circuit and an isolating voltage
transformer therebetween. The voltage transformer galvani-
cally isolates the primary side circuit from the secondary side
circuit, by AC-coupling the two circuits whilst providing no
direct current (DC) path between them. The IBC 1300 thus
provides an isolation barrier between the inputs and outputs
of'the IBA power supply system 1000, with there being no DC
connection between the IBC’s primary side circuit and sec-
ondary side circuit. Providing such an isolation barrier at the
IBC 1300 is more cost-effective than providing isolation in
each of the POL regulators 1500-1 to 1500-K, owing to the
cost of manufacturing isolating voltage transformers.

[0007] The primary side circuit of the IBC 1300 is con-
nected to the input of the IBC 1300 and contains at least one
switching element which is repeatedly switched with the
required switching duty cycle (typically set close to 100%, in
order to maximise the IBC’s efficiency) to produce an alter-
nating voltage across a primary winding of the voltage trans-
former. The voltage transformer AC couples the primary and
secondary windings, and the secondary side circuit of the IBC
1300 rectifies the voltage induced in the secondary winding of
the voltage transformer to produce the output voltage that is
output by the IBC 1300 to the IVB 1400. The output voltage
of'the IBC 1300 varies with the input voltage, Vin, as nxVin,
where n is the transformer turns ratio.

[0008] Other conventional IBA power supply systems
employ a semi-regulated IBC instead of a fixed voltage con-
version ratio IBC as described above. In these systems, the
semi-regulated IBC provides line regulation to compensate
for variations in the IBC’s input voltage but at the expense of
varying the switching duty cycle, which reduces power effi-
ciency. Furthermore, the IBC’s load current affects the IBC’s
output voltage, with the output voltage decreasing with
increasing load current—a phenomenon widely referred to as
“droop”. The IBC’s output voltage is then given by Vzero—
Rdrooplload, where Vzero is the idling voltage at zero load,
and R, is the equivalent resistance that consists of differ-
ent internal parasitic resistances that make the output voltage
drop as the load current increases.

[0009] As a further alternative, the IBC 1300 may be quasi-
regulated, applying line regulation in only a part of the input
voltage range, while remaining unregulated with a switching
duty cycle close to 100% in other parts of the input voltage
range. This control scheme yields an increased input voltage
range without increasing the output voltage range.
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[0010] Examples of conventional IBA power supply sys-
tems and IBCs are given in U.S. Pat. Nos. 7,787,261; 7,272,
021; 7,558,083; 7,564,702; and 7,269,034.

[0011] In general, each of the second stage DC/DC con-
verters may be isolated or non-isolated. However, where iso-
lation is provided by the IBC 1300, the POL regulators
1500-1 to 1500-K are preferably all non-isolated. A second
stage DC/DC converter may take the form of an SMPS or
alternatively a non-switched linearly-regulated Low Drop
Out (LDO) regulator. Each POL (k) delivers a regulated volt-
ageV, .. ;toitsload 1600-%. In the example of FIG. 1, POL
regulators 1500-1 and 1500-2 deliver power to a common
load 1600-1 (although, naturally, more than two POL regula-
tors may deliver power to a common load). With the step-
down ratio of the IBC 1300 fixed at a pre-selected value, the
voltage V; on the IVB will, of course, vary with changes in
the input voltage to the IBC 1300, thus requiring the POL
converters to be capable of operating over a range of input
voltages, typically 3-15 V.

[0012] Although the POL regulators 1500-1 to 1500-K are
buck regulators in the example of FIG. 1, their topology is not
limited to such and may alternatively be Boost, Buck-Boost
etc.

[0013] During normal operation of the IBA power supply
system 1000, fluctuations in the power bus voltage Vin fre-
quently occur, which may be large enough to damage the IBC
1300. Furthermore, as the IBC 1300 may transmit a damped
form of these voltage fluctuations to the IVB 1400 (by virtue
of'the IBC’s fixed voltage transformation ratio), damage may
also be sustained by the downstream components of the IBA
power supply system, as these components (including the
POL regulators) may be forced to operate at voltages that are
outside their rated ranges. As the IVB 1400 often as a large
decoupling capacitance in conventional IBA power supply
systems, the voltage fluctuations on the IVB 1400 may also
cause high inrush currents to flow in the IVB 1400, which
may damage some of the IBA power supply system compo-
nents connected to it. In addition, transients on the IVB 1400
that occur on too short a timescale for a POL regulator’s
feedback loop to respond to may be transmitted to the POL
regulator’s output, and thus potentially damage the POL
regulator’s load. Similar problems may also occur during
start-up of the IBA power supply system 1000 or during other
step changes in the input voltage Vin.

[0014] The IBA power supply system 1000 may employ
one or more safety mechanisms to protect itself (or its loads)
from sustaining damage in one of these ways.

[0015] For example, an excessively high current flowing
into, or out of, the IBC 1300 may cause damage to the IBC
1300 or the downstream components. In order to reduce the
risk of damage, the IBC 1300 typically includes an Over
Current Protection (OCP) circuit that shuts down the IBC
1300 when the input current level, or the output current level,
exceeds respective threshold levels.

[0016] In a similar way, to reduce the risk of damage being
caused by excessively high voltages, the POL regulators
1500-1 to 1500-K may each have an Over Voltage Protection
(OVP) circuit for shutting down the POL regulator when an
excessively high voltage is detected. For example, each of the
POL regulators 1500-1 to 1500-K may have an input OVP
circuit for shutting down the POL regulator when the voltage
on the IVB 1400 is above the maximum operating voltage of
the POL regulator. Similarly, to provide protection for the
load circuitry, each of the POL regulators 1500-1 to 1500-K
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may have an output OVP circuit for shutting down the POL
regulator when the POL regulator’s output voltage is higher
than a threshold.

[0017] On the other hand, to protect against damage due to
an excessively low IVB voltage, each of the POL regulators
1500-1 to 1500-K may have an Under Voltage Lock-Out
protection (UVLO) circuit, which shuts down the POL regu-
lator when the IVB 1400 voltage is below the minimum
operating voltage of the regulator 1500.

[0018] Although protection circuits of these kinds can pro-
vide effective protection for the IBA power supply system
1000, they have the disadvantage of causing the IBA power
supply system 1000 (or some components thereof) to shut
down in response to voltage changes or fluctuations that
might otherwise be safely tolerated. For example, a large
inrush current which can occur during a voltage transient or at
start-up of the IBA power supply system 1000 may activate
the OCP circuit in the IBC 1300, causing the IBC 1300, and
thus the IBA power system 1000 as a whole in the present
example, to shut down. Voltage transients on the IVB 1400
may trigger operation of the POL regulators’ input OVP or
UVLO circuits, causing the affected POL regulators to shut
down, potentially initiating a shut-down or a restart of the IBA
power supply system 1000 as a whole.

[0019] Regardless of whether they utilize protection cir-
cuits of these kinds, conventional IBA power supply systems
also suffer from problems with electromagnetic interference
(EMI) caused by transients on the power bus 1200 or tran-
sients in the load current of one or more of the POL regulators
1500-1 to 1500-K, which lead to oscillations on the IVB 1400
that are damped only by the inherent parasitic resistances in
the IBC’s output filter circuit. These problems increase when
the IBA power supply system 1000 comprises a high effi-
ciency IBC with a low parasitic resistance in its output choke,
and also with increasing use of decoupling banks comprising
ceramic capacitors with low equivalent series resistance
(ESR).

[0020] Thus, many conventional IBA power supply sys-
tems are susceptible to high levels of EMI, and are not robust
to transients or abrupt changes in the systems’ input voltage
or load level. As a consequence, many conventional IBA
power supply systems are prone to sustaining damage or,
where one or more of the above-mentioned protection circuits
are employed, shutting down or restarting unnecessarily.

SUMMARY

[0021] The present inventors have considered various con-
ventional approaches to improving the reliability of IBA
power supply systems as described above, which have
focused on improving the OCP, OVP and any other safety
mechanisms employed by the voltage converters, or coordi-
nating the operation of voltage converters in the system to
suppress the propagation of transients and other abrupt volt-
age changes through the voltage conversion stages of the
system. For example, to improve the IBA system’s ability to
handle the abrupt voltage changes that often occur at system
start-up, the OCP threshold level used in the OCP protection
circuit of an IBC in the system may be set to prevent the OCP
circuit being tripped by an inrush current to the IVB that
typically occurs at start-up. The start-up timings of the POL
regulators or their under-voltage lock-out levels may also be
adjusted to avoid unnecessary activation of their OCP or OVP
circuits.
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[0022] However, the inventors have realised that these con-
ventional approaches make the IBA power supply system less
prone to unnecessary shutdowns and restarts at the cost of an
increased susceptibility to sustaining damage during normal
operation, and can also increase converter complexity and
cost. In particular, raising the IBC’s OCP threshold level can
lead to poor protection for the IBC against system malfunc-
tion, while delaying start-up of the POL regulators and adjust-
ing their under-voltage lock-out levels can increase the sys-
tem start-up time, as well as the POL regulators’ circuit
complexity.

[0023] The inventors have realised that the root cause of
these problems are voltage fluctuations in the IVB that origi-
nate from fluctuations in the IBC’s input voltage or in the load
currents that are supplied by one or more of the POL regula-
tors in the system. Instead of seeking to mitigate the effects of
these IVB voltage fluctuations in line with the abovemen-
tioned conventional approaches, the present inventors have
provided an effective and cost-effective way of regulating the
IVB voltage that may allow the IBA power supply system’s
reliability to be improved without sacrificing the effective-
ness of any protection mechanisms that may be present in the
system.

[0024] More specifically, the present inventors have
devised an IBA power supply system comprising a first stage
switching voltage converter arranged to convert an input volt-
age at an input of the first stage switching voltage converter to
an output voltage at an output of the first stage switching
voltage converter, the output of the first stage switching volt-
age converter being connected via an IVB to an input of at
least one second stage DC-to-DC voltage converter. The first
stage switching voltage converter comprises a primary side
circuit connected to the input of the first stage switching
voltage converter and comprising a switching element, as
well as a secondary side circuit that is coupled to the primary
side circuit by a galvanically isolated voltage transformer
which provides an isolation barrier between the primary and
secondary side circuits, the voltage transformer being
arranged to transform a primary side voltage generated by
switching of the switching element in the primary side circuit
to a secondary side voltage. The secondary side circuit also
includes: arectifying circuit arranged to rectify the secondary
side voltage from the voltage transformer to generate the
output voltage, and a feedback signal generator arranged to
generate a feedback signal indicative of the output voltage of
the first stage switching voltage converter. The first stage
switching voltage converter further comprises a controller
which is operable to generate a switch control signal to con-
trol a switching duty cycle of the switching element. The
controller comprises: a target voltage signal generator oper-
able to generate a target voltage signal that is indicative of a
target output voltage of the first stage switching voltage con-
verter; a deviation signal generator arranged to receive the
feedback signal and operable to generate a deviation signal
based on the target voltage signal and based on the feedback
signal, wherein the deviation signal is indicative of a devia-
tion of the output voltage of the first stage switching voltage
converter from the target output voltage; and a switch control
signal generator operable to generate the switch control sig-
nal to control the switching duty cycle of the first stage
switching voltage converter in dependence upon the deviation
signal.

[0025] An IBA power supply system of an embodiment
includes an output voltage feedback-regulated, isolated first
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stage switching voltage converter such as an IBC, which
adjusts its switching duty cycle to compensate for voltage
fluctuations on the IVB by measuring at least one signal of the
secondary side (current or voltage) and the measured signal or
a transformed signal dependent on the measured signal is
transmitted over the isolation barrier and is used for control-
ling the primary side switching in order to control the output
voltage, i.e. feed-back control. The target voltage may be
constant or changed by an algorithm, e.g., such as droop
emulation. The controller of the first stage switching voltage
converter is regulating the voltage at all times when the con-
verter is switching. The voltage regulation mechanism of this
first stage voltage converter may thus suppress oscillations in
the IVB voltage (whether they originate from the first stage
voltage converter’s input or from fluctuations in the system’s
load current), and consequently may reduce EMI as well as
the amplitude of voltage and current fluctuations in the IVB
that underlie some of the problems with conventional IBA
power supply systems that have been discussed above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] In the following section, the invention will be
described with reference to exemplary embodiments illus-
trated in the figures, in which:

[0027] FIG. 1 (Prior Art) is a schematic of a conventional
IBA power supply system;

[0028] FIG. 2 is a schematic of an IBA power supply sys-
tem according to an embodiment of the present invention;
[0029] FIG. 3 provides a top-level illustration of compo-
nents in the IBC shown in FIG. 2;

[0030] FIG. 4 shows further details of the controller in FIG.
3 according to a first embodiment;

[0031] FIG. 5 shows exemplary forms which the compo-
nents of the controller in FIG. 4 may take;

[0032] FIG. 6 shows further details of the IBC in FIG. 3;
[0033] FIG. 7 is a timing diagram illustrating the control
signals which the controller of FIG. 6 uses to control the
switching elements in the IBC;

[0034] FIG. 8 provides a top-level illustration of compo-
nents in the PIM shown in FIG. 2;

[0035] FIG. 9 shows further details of the PIM in FIG. 8;
[0036] FIG. 10 is a schematic showing components of an
IBC controller that forms part of an IBA power supply system
according to a second embodiment of the present invention;
[0037] FIG. 11 shows an exemplary configuration of the
low-pass filter in FIG. 10;

[0038] FIG. 12 shows exemplary forms which the compo-
nents of the controller in FIG. 10 may take;

[0039] FIG. 13 illustrates the variation of the IBC output
voltage as a function of the input voltage when controlled
with the controller in FIG. 12;

[0040] FIG. 14 illustrates the variation of the IBC output
voltage as a function of the input voltage for two exemplary
fixed transformer ratios, together with a variation generated
by the offset target voltage signal generator in FIG. 12;
[0041] FIG. 15 shows further details of the IBC forming
part of the IBA power supply system of the second embodi-
ment;

[0042] FIG. 16 is a schematic showing components of an
IBC controller that forms part of an IBA power supply system
according to a third embodiment of the present invention;
[0043] FIG. 17 illustrates the variation of the output voltage
as a function of the input voltage of the IBC forming part of
the IBA power supply system of the third embodiment;
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[0044] FIG. 18 is another schematic illustrating the varia-
tion of the output voltage as a function of the input voltage of
the IBC, which shows how the ability of the offset target
voltage signal generator of the third embodiment to switch
between the first and second operational modes allows a
higher transformer ratio to be used in the IBC;

[0045] FIG. 19 is a schematic illustrating how the power
output of the IBC varies with input voltage, and shows how
the ability of the offset target voltage signal generator of the
third embodiment to switch between the first and second
operational modes increases the power output of the IBC;
[0046] FIG. 20 is a schematic illustrating how the ripple
current in the output choke of the IBC varies with input
voltage for the IBC forming part of the IBA power supply
system of the third embodiment;

[0047] FIG. 21 shows experimental results which illustrate
the large load current transient that occurs when a voltage step
is applied to the input of a background example IBC;

[0048] FIG. 22 shows experimental results which illustrate
the effective suppression of the load current transient that
occurs in an IBC of an IBA power supply system according to
an embodiment of the present invention under the same
experimental conditions as those in FIG. 21;

[0049] FIG. 23 shows experimental results from a test com-
paring the performance of an IBC of an IBA power supply
system according to an embodiment of the present invention
with a known unregulated IBC for the case of an input voltage
step from 38 V to 55V with a load current of 0 A;

[0050] FIG. 24 shows the results of the same experiment as
performed in FIG. 23 but with a minimum switching duty
cycle imposed on the control of the IBC of an IBA power
supply system according to an embodiment of the present
invention; and

[0051] FIG. 25 shows details of the IBC forming part of the
IBA power supply system of the third embodiment with the
inclusion of droop processing.

DETAILED DESCRIPTION

[0052] The present invention will now be described more
fully hereinafter with reference to the accompanying draw-
ings, in which preferred embodiments of the invention are
shown. This invention may, however, be embodied in many
different forms and should not be construed as limited to the
embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will be thorough and com-
plete, and will fully convey the scope of the invention to those
skilled in the art. In the drawings, like reference signs refer to
like elements. Additionally, it should be understood that the
invention can be implemented in hardware or a combination
of software stored on a non-transitory memory and executed
by a general purpose computer or microprocessor.

First Embodiment

[0053] An IBA power supply system 2000 according to a
first embodiment of the present invention will now be
described with reference to FIGS. 2 to 9.

[0054] FIG. 2 illustrates components of the IBA power
supply system 2000 of the first embodiment, which are sub-
stantially the same as those of the background example
described above with reference to FIG. 1, with like numerals
indicating like components. The description of these compo-
nents will therefore not be repeated here. However, the IBA
power supply system 2000 of the present embodiment differs
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by the configuration of the IBC 3000 and the PIM 4000,
which will now be described with reference to FIGS. 3-7 and
8-9, respectively.

[0055] FIG. 3 is a block diagram providing a top-level
illustration of components of the IBC 3000 of the present
embodiment.

[0056] The IBC 3000 of the present embodiment is pro-
vided in the form of an isolated switching voltage converter
having a primary side circuit 3100, a secondary side circuit
3300, an isolated voltage transformer 3200 and a controller
3400. The voltage transformer 3200 galvanically isolates the
primary side circuit 3100 from the secondary side circuit
3300 side circuit by AC-coupling the two circuits whilst pro-
viding no DC path between them. The IBC 3000 thus pro-
vides anisolation barrier 3500 between the inputs and outputs
of'the IBA power supply system 1000.

[0057] The primary side circuit 3100 is connected to the
input of the IBC 3000 and contains at least one switching
element which is/are repeatedly switched with the required
switching duty cycle to produce an alternating voltage across
aprimary winding of the voltage transformer 3200. The volt-
age transformer 3200 AC couples the primary and secondary
windings, and the secondary side circuit 3300 of the IBC
1300 rectifies the voltage induced in the secondary winding of
the voltage transformer 3200 to generate the output voltage
V., that is output by the IBC 3000 to the IVB 1400.

[0058] The secondary side circuit 3300 also includes a
feedback signal generator (not shown in FIG. 3), which is
arranged to generate a feedback signal S, that is indicative of
the voltage Vout output by the IBC 3000. The feedback signal
S, may, for example, be an electrical or optical signal (ana-
logue or digital) that provides a measure of the output voltage
V,,.0fthe IBC 3000, and may be generated using techniques
well-known to those skilled in the art.

[0059] The controller 3400 may, as in the present embodi-
ment, be disposed on the secondary side of the isolation
barrier 3500 (e.g. as part of the secondary side circuit 3300),
and is configured to generate a switch control signal S, for
controlling the switching duty cycle of the switching element
(s) in the primary side circuit 3100, based on the feedback
signal S, received thereby. For example, the controller 3400
may, as in the present embodiment, be directly connected
(e.g. simply by a conductive track) to the output of the IBC
3000 such that the signal S, corresponds to the output voltage
V... Alternatively, signal S, may be obtained by scaling the
output voltage V. down to a lower value that is suitable for
processing by the controller 3400. The signal S, may, how-
ever, be generated in other ways, and the preceding examples
also apply to the generation of the signal S, discussed below.
[0060] Inthe present embodiment, the switch control signal
S, is transmitted across the isolation barrier 3500 via a device
3600-1 for communicating information between the second-
ary side circuit 3300 and the primary side circuit 3100 whilst
keeping the circuits galvanically isolated from each other,
which may, as in the present embodiment, be provided in the
form of an electo-optic converter that is optically coupled to
an opto-electric converter. The controller 3400 may, as in the
present embodiment, be further arranged to receive a signal S,
that is indicative of the input voltage V,,, of the IBC 3000. In
the present embodiment, the signal S, is similarly transmitted
across the isolation barrier 3500, via a device 3600-2 which
performs the same function as device 3600-1.

[0061] FIG. 41isaschematic block diagram showing further
details of the controller 3400 of the present embodiment,
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hereinafter referred to as controller 3400-1. The controller
3400-1 comprises a target voltage signal generator 3410-1, a
deviation signal generator 3460 and a switch control signal
generator 3480. The controller 3400-1 may, as in the present
embodiment, further comprise a regulator 3470.

[0062] The target voltage signal generator 3410-1 may be
configured to generate a target voltage signal V, which is
indicative of a target output voltage of the IBC 3000 in one of
a number of different ways, as will be described in the fol-
lowing. However, in the present embodiment, the target volt-
age signal generator 3410-1 is operable to generate, as V , a
predetermined target voltage signal, V ;5,., that is indepen-
dent of the input voltage V,,.. The size of V 5, may be set to
a fixed value or may be made adjustable by the user of the IBC
3000. Accordingly, during operation, V 5, remains constant
unless changed by the user.

[0063] The deviation signal generator 3460 is arranged to
receive the feedback signal S, as well as the target voltage
signal V, generated by the target voltage signal generator
3410-1, and is operable to generate a deviation signal, V,
based on the target voltage signal V ,and based on the feed-
backsignal S,. The deviation signal V , provides a measure of
the deviation of the output voltage V__. from the target output
voltage.

[0064] Thedeviationsignal V,is then fed into the regulator
3470 (or, in alternative embodiments where the regulator
3470 is not provided, into the switch control signal generator
3480). The regulator 3470 is configured to generate, in depen-
dence upon the deviation signal V,, a signal that defines a
switching duty cycle which is used to control the switching
elements in the primary side circuit 3100.

[0065] The regulator 3470 may provide more effective
damping of voltage oscillations on the IVB 1400 by regulat-
ing the signal that defines a switching duty cycle. Improved
regulation may be provided by the regulator 3470 being fur-
ther arranged, as in the present embodiment, to receive the
signal S, that is indicative of the input voltage V,,,, and to
generate the signal defining the switching duty cycle in
dependence upon both the deviation signal V, and the signal
S, that is indicative of the input voltage V,,. The regulator
3470 may also, as in the present embodiment, be further
configured to adjust at least one control parameter in depen-
dence upon the signal S,, and to generate the signal defining
the switching duty cycle in dependence upon the deviation
signal V,, the signal S, and the control parameter(s) adjusted
in dependence on S,.

[0066] The switch control signal generator 3480 is
arranged to receive the signal defining the switching duty
cycle output by the regulator 3470 (or the deviation signal V
in alternative embodiments, where the regulator 3470 is not
provided). The switch control signal generator 3480 is oper-
able to generate the required switch control signal S, to
control the switching duty cycle of the switching element(s)
in the primary side circuit 3100 in dependence upon the signal
defining the switching duty cycle (or the deviation signal V,,
as the case may be).

[0067] Further details of the controller 3400-1 will now be
described with reference to FIG. 5, which shows exemplary
forms which the target voltage signal generator 3410-1,
deviation signal generator 3460, regulator 3470 and switch
control signal generator 3480 may take.

[0068] As shownin FIG. 5, in the present embodiment, the
target voltage signal generator 3410-1 is provided in the form
ofaprecision reference, which outputs a predetermined target

out
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voltage signal V5, to the deviation signal generator 3460.
The predetermined target voltage signal V ;. is kept inde-
pendent of the input voltage V,,, which may allow the control-
ler 3400-1 shown in FIG. 5 to keep the output voltage V_,,,
steady when there is a fluctuation in the input voltage V,,, of
the IBC 3000.

[0069] The deviation signal generator 3460 in this embodi-
ment takes the form of a difference calculator 3460, which
compares the predetermined target voltage signal V ., with
the feedback signal S, which is indicative of the output volt-
age V,,, of the IBC 3000. More specifically, the deviation
signal generator 3460 is arranged to generate the deviation
signal V, by subtracting one of the feedback signal S , and the
target voltage signal V - from the other of the feedback signal
So and the target voltage signal V, (i.e. by calculating
Vp=V;~S,0rV,=S,-V,).

[0070] Thedeviationsignal V,is then fed into the regulator
3470, which, in the present embodiment, is provided in the
form of a PID regulator 3470. The PID regulator 3470 is
further arranged to receive a signal S, indicative of the input
voltage V,,,, and to use the signal S, to adjust at least one of the
regulator’s control parameters (in this example, at least one of
P, Tor D). The PID regulator 3470 generates a signal defining
a switching duty cycle for the switching element(s) in depen-
dence upon the deviation signal V,, and the control param-
eters that are set in dependence on S,. Feeding forward the
signal S, to the PID regulator 3470 may allow the controller
3400-1 to keep the IBC output voltage V,,, in a steady state
during rapid input voltage V,, fluctuations.

[0071] The signal defining the switching duty cycle thathas
been generated by the PID regulator 3470 is then fed into the
switch control signal generator 3480, which comprises a
pulse width modulating (PWM) circuit 3480 that generates a
pulse width modulated signal S , for controlling the switching
element(s) in the primary side circuit 3100.

[0072] FIG. 6 depicts the integration of the controller cir-
cuit 3400-1 described above with the other components of an
IBC 3000. Operation of this IBC 3000 is achieved through
control of six transistors, Q1 to Q6 (e.g. power MOSFETs).
The primary side circuit 3100 comprises an H-bridge to gen-
erate an AC signal, formed from switching elements Q1 to
Q4. Specifically, Q1 and Q4 will initially be switched ON and
Q2 and Q3 switched OFF. This generates a positive-swinging
signal across the primary coil of the voltage transformer 3200
thereby resulting is a change in flux. As a result, a voltage is
induced across the secondary coil of the transformer 3200.
Switching elements Q5 and Q6 form arectifying circuit in the
secondary side circuit 3300 and can be switched to provide
rectification of the signal in the secondary coil. During this
phase of the control cycle, Q6 is switched ON and Q5
switched OFF so as to rectify the signal. Similarly, the same
is performed inversely to generate a negative-swinging sig-
nal, by turning Q1, Q4 and Q6 OFF and turning Q2, Q3 and
Q5 ON to capture energy from the negative portion of the
cycle.

[0073] AsshowninFIG. 6, and as has been described above
with reference to previous figures, the controller 3400-1
receives an input indicative of the output voltage V ,, of the
IBC 3000, and preferably also the input voltage V. Based on
these inputs, the controller 3400-1 generates various switch
control signals S, ,, to S, 56 for controlling the switching
elements Q1 to Q6 of the IBC 3000, as described below. In
this case, the ground reference is at the secondary side 3300.
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[0074] In the present embodiment, switch control signals
Sp.o1 10 Sy o4 are transmitted across the isolation barrier
3500 via the device 3600-1. However, in alternative embodi-
ments, each of the control signals may be transmitted across
the isolation barrier 3500 via a respective device which per-
forms the same function as device 3600-1.

[0075] FIG. 7 depicts an exemplary timing diagram for the
various switch control signals as output from the controller
3400-1 to control the switching duty cycle of the IBC 3000.
The switch control signals relate to the switching elements of
the IBC 3000, as depicted in FIG. 6.

[0076] As shown in FIG. 7, the control signals for Q1 and
Q4 (labelled S, ,, and S, ,,) closely match the inverse of the
control signals for Q2 and Q3 (labelled S, ,, and Sj, 3).
This generates alternate positive and negative voltage cycles
on the primary side of the voltage transformer 3200, thereby
inducing a voltage across the secondary side winding of the
voltage transformer 3200.

[0077] FIG. 7 shows a small timing gap t,,, between the
end of the control signal for Q1 and Q4 and the start of the
control signal for Q2 and Q3. As a result, the length of the
‘ON-time’ for Q1 and Q4 is substantially T/2-t,,,,, where T is
the length of a cycle. Similarly the ‘ON-time’ for Q2 and Q3
is also substantially T/2-t_,,,,. The controller 3400-1 controls
the ‘ON-time’ to maintain good load regulation and transient
response by controlling the size of the timing gap t,,.
[0078] FIG. 7 also shows typical control signals for Q5 and
Q6 (labelled S, 5 and Sy, ). As shown, at the end of the
first half ‘ON period’ for Q1 and Q4, Q5 is switched ON
whilst Q6 is ON. This generates a conductive path to allow the
discharging of inductor L1 into capacitor C1 and the load R.
After this, Q6 is switched OFF and Q5 is left ON to perform
rectification of the signal from the secondary side of the
voltage transformer 3200.

[0079] FIG. 8 is a block diagram providing a top-level
illustration of components of the PIM 4000 of the present
embodiment.

[0080] The PIM 4000 comprises a first input 4100 for
receiving power from a first power source, a second input
4200 for receiving power from a second power source, an
input selector 4300, a power supply interruption detector
4400 and an interrupt delay circuit 4500. Other components
of'the PIM 4000, such as an EMI filter that is usually provided
to suppress the propagation of noise from the power sources
into the remaining components of the IBA power supply
system 2000, are not shown in FIG. 8 for clarity.

[0081] The input selector 4300 is operable to select, in
dependence upon a first voltage, V,,,,. 4, at the first input 4100
and a second voltage, V.5, at the second input 4200, at least
one of the first input 4100 and second input 4200 from which
the PIM 4000 is to draw power and generate the input voltage
V,,, for the IBC 3000.

[0082] In the present embodiment, the power supply inter-
ruption detector 4400 is arranged to detect an interruption in
the power drawn from the first input 4100 and second input
4200 of the PIM 4000 during operation.

[0083] The interrupt delay circuit 4500 comprises a delay
capacitor which is charged with current from one or both of
the first input 4100 and second input 4200 to a third voltage
that is higher than 'V, , and V,, .. When the power supply
interruption detector 4400 detects an interruption in the
power delivered to the inputs of the PIM 4000, the interrupt
delay circuit 4500 is operable to discharge the delay capacitor
through the input of the IBC 3000. In this way, if the power
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sources supplying the PIM 4000 malfunction, the interrupt
delay circuit 4500 starts to supply power to the downstream
components of the IBA power supply system 2000, continuity
in the power supplied to the downstream components may
thus be ensured and may give these componenets extra time in
which to shut down safely (before the delay capacitor dis-
charges).

[0084] Further details of the PIM 4000 will now be
described with reference to FIG. 9, which shows exemplary
forms which the input selector 4300, power supply interrup-
tion detector 4400 and interrupt delay circuit 4500 may take.
[0085] As shownin FIG. 9, in the present embodiment, the
input selector 4300 is provided in the form of a diode network
having two diodes, D, and D,, which are arranged as shown in
FIG. 9, such that the anode of D, connects to the first input
4100, the anode of D, connects to the second input 4200, and
the cathodes of both diodes are connected together to provide
the input to the interrupt delay circuit 4500. This configura-
tion performs OR-ing between the first and second power
sources, with power from the input to the PIM 4000 at the
higher voltage being preferentially supplied to the interrupt
delay circuit 4500. In alternative embodiments, other types of
switching elements, such as MOSFETs or other active
switching elements, may be used in place of diodes to
increase efficiency.

[0086] The power supply interruption detector 4400 takes
the exemplary form of a microcontroller 4400 in the present
embodiment. The microcontroller 4400 monitors the first
input 4100 and the second input 4200, and generates an
interrupt signal when an interruption in power is detected at
both of the inputs.

[0087] In the present embodiment, the interrupt delay cir-
cuit 4500 comprises a switch 4510, a voltage amplifier 4520,
and a delay capacitor C,,. The switch 4510 is provided in the
exemplary form of a single pole, double throw switch with
terminals T1, T2, and T3, and is arranged such that the output
of'the diode network 4300 connects to terminal T2, the power
bus 1200 connects to terminal T1 and the output of the voltage
amplifier 4520 (and ungrounded side of the capacitor Cj)
connects to the terminal T3. The microcontroller 4400 is
operable to control the switch 4510 via the interrupt signal
generated thereby when an interruption in power is detected
at both of the inputs, such that the switch 4510 connects
terminals T1 and T3. On the other hand, when the interrupt
signal is not being generated by the microcontroller 4400, the
switch 4510 connects terminals T1 and T2. The effect of this
is that power is supplied to the IBC 3000 by the PIM 4000 via
one of the first or second power sources when the power
sources are operating normally and, when the power sources
supplying the IBA power supply system 2000 malfunction,
the PIM 4000 begins to supply power to the downstream
components of the IBC 3000 in order to compensate for the
interruption in power delivery from the power sources. This
may allow extra time for the PIM’s downstream components
to shut down safely, and may thereby prevent potential dam-
age to the IBA power supply system 2000 or the loads 1600-1
to 1600-K. The length of time for which the delay capacitor
C, can continue to supply power to the IBC 3000 is referred
to as the hold-up time T,

[0088] The voltage amplifier 4520 is connected between
the cathodes of the diode network 4300 and a first terminal of
the delay capacitor C,. The first terminal of the delay capaci-
tor Cj, is further connected to the terminal T3 of the switch
4510, and the second terminal of the delay capacitor Cj, is
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connected to ground. In the present embodiment, the voltage
amplifier 4520 is a boost amplifier and is arranged to charge
the delay capacitor C,, to a hold-up voltage, V,, which is
higher than both V,,,_, and V,, . Conventionally, the delay
capacitor C, would be charged to a voltage that is equal to the
higher of V,, ., andV,, .. However, by raising the voltage to
which the delay capacitor C,, is charged to a voltage higher
than V., and V,,, .. the delay capacitor C, can store sig-
nificantly more energy, which may allow the hold-up time T,
to be significantly increased.

[0089] However, if the hold-up voltage V; is made greater
than both V., and V.5, switching in the delay capacitor
C,, when an interruption in power delivery occurs may cause
a rapid change in the input voltage V,,, of the IBC 3000. As
explained above, in conventional IBA power supply systems,
this voltage fluctuation would be transmitted through the IBC
and cause damage to the POL regulators 1500-1 to 1500-K or
loads 1600-1 to 1600-K, or cause the system to shut down.
However, in an IBA power supply system 2000 of the present
embodiment, such voltage fluctuations on the IVB 1400 may
be suppressed by the voltage regulation that is provided by the
IBC 3000. A higher hold-up voltage V,, may therefore be
used, and alonger hold-up time T, may be achieved, meaning
that more time may be provided for the downstream compo-
nents of the IBA power supply system 2000 to shut down
safely, without the risk of them sustaining damage or unnec-
essarily activating their protection circuits.

Second Embodiment

[0090] An IBA power supply system 2000 according to a
second embodiment of the present invention will now be
described with reference to FIGS. 10 to 16. The IBA power
supply system 2000 of the second embodiment has many
components in common with the first embodiment described
above, and these common components will not be described
again here. However, the IBA power supply system 2000 of
the present embodiment differs from the first embodiment by
the configuration of the controller 3400 that forms part of the
IBC 3000, this controller, hereinafter referred to as controller
3400-2, will now be described.

[0091] As can be appreciated from a comparison of FIGS.
4 and 10, the controllers 3400-1 and 3400-2 of the first and
second embodiments have many features in common, and the
description of the structure and functionality of these com-
mon components will therefore not be repeated. However, the
controller 3400-2 of the present embodiment has additional
components, as well as a target voltage signal generator
3410-2 that differs from the target voltage signal generator
3410-1 of the first embodiment, and the structure and opera-
tion of these additional components, and also of the target
voltage signal generator 3410-2, will now be described in
detail.

[0092] In addition to the target voltage signal generator
3410-2, the controller 3400-2 comprises an input terminal
3420. The controller 3400-2 may, as in the present embodi-
ment, further comprise an offset target voltage signal genera-
tor 3440-1, a low-pass filter 3450, and an interface module
3490 via which settings of the target voltage signal generator
3410-2 and offset target voltage signal generator 3440-1 (if
included) may be adjusted as described below.

[0093] The target voltage signal generator 3410-2 of the
present embodiment is arranged to receive the signal S, via the
input terminal 3420, and is operable to generate a variable
target voltage signal V, which is dependent upon the input
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voltage V,,. More particularly, the target voltage signal gen-
erator 3410-2 is arranged to generate the target voltage signal
V ras a function of the input voltage V,,,. This function, herein
denoted f(V,,), can be changed by the target voltage signal
generator 3410-2 according to user instructions that may be
communicated via the interface module 3490.

[0094] The function, f(V,,) may, for example, be a linear
function, with the target voltage signal generator 3410-2 gen-
erating the variable target voltage signal V, by multiplying
the received signal S, by a scaling factor. The function f(V,,,)
may alternatively be a non-linear function of the received
signal S, e.g. a quadratic or a higher-order polynomial func-
tion, and it may have one or more discontinuities. The func-
tion f(V,,) may also be defined piece-wise for two or more
working regions of the input voltage V.. In general, the target
voltage signal generator 3410-2 may generate the target volt-
age signal V ;as any function of the input voltage V,,, which is
such that the target voltage signal V; is zero when the input
voltage V,, is zero (in other words, a function whose plot
passes through the origin).

[0095] The offset target voltage signal generator 3440-1 is
operable to generate an offset target voltage signal, Vi, .,
by combining the target voltage signal V, generated by the
target voltage signal generator 3410-2 with an offset signal,
Ve the offset signal V,, ., being independent of the input
voltage V.

[0096] It should be noted that the functions of the target
voltage signal generator 3410-2 and the offset target voltage
signal generator 3440-1 may be combined into a single com-
ponent of the controller 3400-2, which generates, in a single
step, an offset target voltage signal V. ., in the form of a
voltage that is offset in relation to the input voltage V,,,, the
size of the offset being independent of V,,,.

[0097] Asnoted above, the offsetsignal V5., is not depen-
dent on the input voltage V,,, and may be generated by the
offset target voltage signal generator 3440-1 itself, as in the
present embodiment, or it may be generated externally of the
controller 3400-2 and received by the offset target voltage
signal generator 3440-1. In either case, the offset target volt-
age signal generator 3440-1 combines the target voltage sig-
nal V. with the offset signal V,,,, for example by adding
these signals together, as in the present embodiment.

[0098] The low-pass filter 3450 may be any suitable type of
low-pass filter for low-pass filtering a signal to remove
higher-frequency components therecof. The low-pass filter
3450 may be a digital filter or it may be implemented in the
analog domain, for example as a simple first-order RC filter or
a more complex filter network, in accordance with require-
ments.

[0099] The low-pass filter 3450 may, as in the present
embodiment, be arranged to respond to an increase in the
input voltage V,, of the IBC 3000 with a first time constant,
and to a decrease in the input voltage V,,, of the IBC 3000 with
a second time constant that is different from the first time
constant. Effective noise suppression may be achieved by
setting the first time constant to a value which is preferably no
smaller than that of the output filter time constant. The value
of the first time constant will depend on the allowed inrush
current level and the output capacitance, but will in many
practical applications be within the range from 0.3 ms to 3 ms.
The second time constant may, for example, be within the
range from 60 microseconds to 0.6 ms. Such a low-pass filter
3450 may be implemented as shown in FIG. 11, using two

in
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resistors R, and R; and two diodes D5 and D,, which are
connected to a filter capacitor Cg,,,. in the manner shown.
[0100] The two time constants are preferably user-adjust-
able, so that the user can adjust them in accordance with the
capacitance of IVB 1400 connected to the output of the IBC
3000 in order to maintain the size of the charge and discharge
currents of the capacitance within respective predetermined
ranges of values. In an analog implementation, the time con-
stants may be made user-adjustable e.g. by using variable
resistors and/or capacitor in the filter circuit. A low-pass filter
having the same time constant for rising/falling input signals
may similarly be made to allow the time constant to be
adjusted by the user.

[0101] Referring again to FIG. 10, as in the first embodi-
ment, the deviation signal generator 3460 is arranged to
receive the signal S, indicative of the output voltage V,, of
the IBC 3000, as well as the offset target voltage signal
Vi _opser Which has been generated by the offset target volt-
age signal generator 3440-1 and filtered by the low-pass filter
3450. The deviation signal generator 3460 is operable to
generate the deviation signal V, based on the filtered offset
target voltage signal Vi oper (or, if the low-pass filter 3450 is
omitted, the offset target voltage signal VLoﬁet) and based on
the output voltage V.. The deviation signal V, generated by
the deviation signal generator 3460 is then processed in the
same manner as in the first embodiment to produce the switch
control signal S,.

[0102] Further details of the controller 3400-2 will now be
described with reference to F1G. 12, which shows exemplary
forms which the components shown in FIG. 10 may take. In
particular, FIG. 12 illustrates an exemplary configuration of
the offset target voltage signal generator 3440-1 that enables
it to generate an offset target voltage signal V. ., as well
as exemplary implementations of the target voltage signal
generator 3410-2, deviation signal generator 3460, regulator
3470 and switch control signal generator 3480.

[0103] As shown in FIG. 12, the target voltage signal gen-
erator 3410-2 is configured to implement a multiplication
function, specifically to multiply the received signal S, indica-
tive of the IBC 3000 input voltage V,,, by a scaling factor k,
which may be set equal to the product of a transformer turns
ratio n (where n=n/n,, and n, is the number of turns on the
secondary winding of the voltage transformer 3200, and n,, is
the number of turns on the primary winding of the voltage
transformer 3200) and a nominal switching duty cycle ratio,

D, of the switching elements in the primary side circuit
3100.
[0104] Therefore, the variable target voltage signal V is

generated by multiplying the input voltage V,, of the IBC
3000 (derived from the signal S,,) by the scaling factor k, in
accordance with the following equation.

V=V,

[0105] Moreover, in the present embodiment, the target
voltage signal generator 3410-2 is configured to allow the
scaling factor k to be set by the user. More particularly, the
target voltage signal generator 3410-2 is configured to receive
from the interface module 3490 a signal indicative of an input
from the user, which may be provided by the user entering his
selection, adjustment or setting of the scaling factor k via an
input device such as a key pad or touch screen. The target
voltage signal generator 3410-2 is arranged to set the factor k
in dependence upon the received signal that is indicative of
the user’s input. However, it should be noted that, more gen-

Equation 1
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erally, the target voltage signal generator 3410-2 may be
arranged to set, in dependence upon the received signal, one
or more parameters of the above-mentioned function f(V,,)
which relates the target voltage signal V . to the input voltage
V,,,» which function need not be linear in V,,,.
[0106] AsshowninFIG.12,inthe present embodiment, the
offset target voltage signal generator 3440-1 comprises an
offset signal generator 3441 operable to generate a variable
offset signal V., and an adder 3442 which is arranged to
add the target voltage signal V ;. and the variable offset signal
V o pe: eceived thereby, and output the result of summing
these signals to the low-pass filter 3450 as an offset target
voltage signal V. ..
[0107] In more detail, the offset signal generator 3441 is
arranged to receive a signal from the interface module 3490
and to generate the variable offset signal V ., using the
received signal, for example by amplifying and/or filtering, or
otherwise processing the received signal. Thus, the offset
signal V., is a function of the received signal, although it is
independent of the IBC’s input voltage V,,,. Depending on the
requirements of the specific IBC implementation, the offset
signal generator 3441 may alternatively be configured to
relay the signal received from the interface module 3490 (or
directly from a signal source external to the controller 3400-
2) to the adder 3442 without processing it.
[0108] More specifically, in the present embodiment, the
offset signal generator 3441 is arranged to receive a signal
indicative of an input from a user via the interface module
3490, and to generate the offset signal V . in dependence on
the signal that is indicative of the user’s input. For example,
the interface module 3490 may be configured to provide an
interface between the controller 3400-2 and an input device
such as a key pad or touch screen, via which the user can enter
an amount of target voltage offset which the offset signal
generator 3441 is to generate during operation of the control-
ler 3400-2.
[0109] The usefulness of the user being able to specify the
amount of target voltage offset to be applied will now be
explained with reference to FIGS. 13 and 14.
[0110] FIG. 13 illustrates a linear variation of the IBC out-
put voltage V. as a function of the input voltage V,,,. The
gradient k of the line shown in FIG. 13 is given by (V_,,;ux—
Voutmin)/(vinmax_vinmin)i Where Voutmaxi Voutmin’ Vinma.x and
min define the ends of the input and output voltage ranges
of the IBC 3000, as illustrated. By the user being able to
choose the value of k (either by making the value of k adjust-
able in the manner described above, or by configuring the
target voltage signal generator 3410-2 at the time of manu-
facture to perform its operation using a particular value of'k),
the IBC 3000 may be made to simulate a transformer turns
ratio that is different to the one actually present in the voltage
transformer 3200 of the IBC 3000. In addition, by adding an
offset to the target output voltage V ,, the user may be able to
set up the IBC 3000 to operate with the desired voltage
conversion characteristic across any desired range of volt-
ages. Thus, the offset target voltage signal V. ., obtained
by combining the offset signal V., with the target voltage
signal V, generated by the target voltage signal generator
3410-2, may be expressed more generally as follows:

VI oo™ Vit Vogser Equation 2

[0111] The ability to define any desired linear relation
between the offset target voltage signal V- ., and the input
voltage V,,, may allow the user to secure the advantages of
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achieving higher output voltages at lower input voltage V,,
values whilst limiting the size of the output voltage V_,,, at
higher input voltage V,,, values. Thus, is may become possible
to obtain an increased output power level, or a lower output
current, at lower input voltages. In other words, by being able
to adjust the offsetsignal V_ ., the user may be able to adjust
the controller 3400-2 to control the IBC 3000 to operate
across desired voltage ranges as if it had an input voltage-
dependent transformer turns ratio. The usefulness of being
able to make these adjustments will now be explained by way
of'a design example.

[0112] The IBC of the design example is a DC-DC step-
down converter which has an input voltage V,,, range of 40-60
V and a desired output voltage V_,,, range of 10-12 V. Using
fixed transformer ratios of n,=1:5 and n,=1:4 yields the
dashed lines shown in FIG. 14. As is evident from these plots
in FIG. 14, neither of the fixed transformer ratios n, and n,
allows the converter to output voltages in the desired range of
10-12 V for input voltages between 40 and 60 V.

[0113] However voltage conversion within the desired volt-
age ranges may be achieved by setting k and the offset voltage
V ,sser 10 appropriate values. More specifically, the value of k
may be set according to k=(v_,,.ux—V ormir ) Visman— Y in-
min), which in the present example yields k=(12-10)/(60-40)
=0.1. The offset voltage V .,, on the other hand, is given by
the following expression:

(Vin max Vour min = Vour maxVin min) Equation 3
Voﬁxer =
(Vi max = Vin min)
[0114] In the present design example, V 4, is calculated

according to Eqn. 3 tobe 6 V.

[0115] The transformer turns ratio ngn, to be used in the
voltage transformer 3200 of the design example is required to
satisfy the following condition:

ns Voffset Equation 4

=k+ ——

np, Vin min

[0116] Inother words, the voltage across the secondary coil
of the voltage transformer 3200 should be larger than the
output voltage V. over the whole working input voltage V,,
range. Thus, in the present design example, the transformer
turns ratio is required to be greater than or equal to 0.25.
[0117] The offset signal generator 3441 may additionally
or alternatively be arranged to receive a signal indicative of a
measured temperature of a component (e.g. the voltage trans-
former 3200) of the IBC 3000 via the interface module 3490,
and generate the offset signal V., in dependence upon the
received signal that is indicative of the measured temperature.
This may allow the offset signal generator 3441 to maintain
efficient and stable operation when the temperature of the
IBC 3000 changes.

[0118] Alternatively, the offset signal generator 3441 of the
present embodiment may additionally or alternatively be
arranged to receive via the interface module 3490 a signal
indicative of an output load of the IBC 3000, and to generate
the offsetsignal V,, 5., in dependence upon the received signal
that is indicative of the output load. The provision of such a
load-dependent offset may advantageously allow the output
voltage V,,,, of the IBC 3000 to be tuneable so as to reduce
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transmission losses between the IBC 3000 and its load, the
POL regulators 1500-1 to 1500-K. The offset V., and
hence V,,, could be adjusted so as to optimize the system
efficiency for the prevailing load level. The reader is referred
to W0O2012/007055 for further details of this scheme for
optimizing the efficiency of an IBA power supply system.
[0119] Referring again to FIG. 12, the low-pass filter 3450
is preferably provided to limit the slew rate of the IBC 3000
output voltage V_,, change when the input voltage V,,
changes, and thus the accompanying change in the IBC’s load
current. It may therefore be effective in suppressing load
current transients that would otherwise occur in response to
input voltage V,, fluctuations, and may also suppress noise in
both the power bus 1200 and IVB 1400.

[0120] Insummary, it will be understood from the descrip-
tion of the second embodiment above that the controller
3400-2 introduces load regulation into an otherwise fixed
ratio converter. Instead of using a fixed switching duty cycle,
the switching duty cycle can be varied according to the load
requirements and according to the input voltage V,, of the
IBC 3000. This is achieved using both the input voltage V,,,
and the output voltage V_,,, to generate the switch control
signal S,,. This may improve the damping of oscillations on
the output due to input voltage V,, fluctuations, while main-
taining the switching duty cycle near to 100%, for maximum
efficiency. Furthermore, low-pass filtering the target voltage
signal and feeding forward the signal S, into the regulator
3470 may significantly reduce inrush currents as the target
voltage changes slowly in response to input voltage V,, fluc-
tuations.

[0121] In order to maintain good load regulation and tran-
sient response a design margin for the nominal switching duty
cycle D,,,,, has to be introduced. Simulations and measure-
ments performed by the present inventors show that the mar-
gin need only be small with D, typically taking a value
between 80-95% depending on the IBC implementation.
Hence, the power efficiency of an embodiment is almost at
maximum and not reduced much compared with a fixed radio
converter, but the embodiment may additionally provide
improved transient response and load regulation.

[0122] It should be noted that, because the switching duty
cycle of an embodiment is controlled near the natural border
of 100%, methods should be employed to avoid integral
wind-up. For example, well-known saturation circuitry of the
integral value can be used to address this issue.

[0123] FIG. 15 depicts the integration of the controller
3400-2 described above with the other components of the IBC
3000 in the embodiment.

[0124] The components shown in FIG. 15 and their inter-
actions are the same as those with like numerals described
above with reference to FIG. 6. The IBC 3000 shown in FIG.
15 differs from that in FIG. 6 in the manner in which the target
voltage signal V. is generated. In the present embodiment,
this signal is a function of the input voltage V,,, which has
been offset and filtered, causing the output voltage V_,,, to be
dependent on'V,,,. This is in contrast to the first embodiment,
where V,,, is independent of V.

Third Embodiment

[0125] An IBA power supply system according to a third
embodiment of the present invention will now be described
with reference to FIGS. 16 to 21. The IBA power supply
system of the third embodiment has many components in
common with that of the second embodiment described
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above, and these common components will not be described
again here. However, the IBA power supply system of the
present embodiment differs from the second embodiment by
the configuration of the controller 3400 that forms part of the
IBC 3000. The controller of the present embodiment is
referred to as controller 3400-3 and will now be described.
[0126] As can be appreciated from a comparison of FIGS.
12 and 16, the controllers 3400-2 and 3400-3 of the second
and third embodiments have many features in common, and
the description of the structure and functionality of these
common components will therefore not be repeated. How-
ever, the offset target voltage signal generator 3440-2 of the
third embodiment differs from that of the second embodi-
ment, and the structure and operation of this component of the
controller 3400-3 will now be described in detail.

[0127] The controller 3400-3 is capable of operating in one
of two modes, and switching from operating in one mode to
the other in dependence on V,,,. In a first mode of operation
(also referred to herein as the “Regulated Ratio” mode), the
offset target voltage signal generator 3440-2 is operable to
function as the offset target voltage signal generator 3440-1
of the above-described second embodiment. However, in
contrast to the offset target voltage signal generator 3440-1 of
the second embodiment, the offset target voltage signal gen-
erator 3440-2 of the third embodiment is also operable in a
second mode (also referred to herein as the “Fully Regulated”
mode) to generate a predetermined target voltage signal
V 7p,.» Which is set to a desired level. The size of V ;. may be
set to a fixed value or may be made adjustable by the user of
the IBC 3000. In this way, in its second mode, the offset target
voltage signal generator 3440-2 functions in the same manner
as the target voltage signal generator 3410-1 of the above-
described first embodiment.

[0128] As will be explained in the following, the offset
target voltage signal generator 3440-2 is configured to oper-
ate in the second mode when the input voltage V,, exceeds a
threshold value, and to operate in the first mode when the
input voltage V,,, is equal to or smaller than the threshold
value.

[0129] Asshown in FIG. 16, the offset target voltage signal
generator 3440-2 of the third embodiment comprises a target
voltage signal selector 3443, which functions to control the
switching between the first and second modes of operation of
the offset target voltage signal generator 3440-2. More spe-
cifically, as shown in FIG. 16, the target voltage signal selec-
tor 3443 is operable to receive the predetermined target volt-
age signal V ., from e.g. a precision reference, and the offset
target voltage signal V. . from the adder 3442, and then
select, as the target voltage signal to be provided to the devia-
tion signal generator 3460 via the low-pass filter 3450, the
smaller of these received signals according to the following
equation:

Veer Min{Vr_ogco Vipre} Equation 5

[0130] InEquation 5, “min” denotes the minimum function
which selects the minimum value of the operands, and Vg, is
the signal output to the deviation signal generator 3460 via the
low-pass filter 3450. The output voltage V_,, as a function of
the input voltage V,,, is illustrated in FIG. 17.

[0131] There are significant advantages associated with the
capability of the offset target voltage signal generator 3440-2
to switch from operating in one of the two above-described
operational modes to the other mode, depending on the pre-
vailing IBC 3000 input voltage V,, level.

Aug. 27, 2015

[0132] For example, as can be appreciated from the varia-
tion of the IBC 3000 output voltage V. with the input volt-
age V,,, shown schematically in FIG. 18, using the above-
described combination of the Fully Regulated and the
Regulated Ratio modes of operation (i.e. the combination of
the above-described first and second modes) may allow for a
higher transformer turns ratio to be used in the IBC 3000 as
compared to the case where the offset target voltage signal
generator 3440-2 is configured to operate in the Regulated
Ratio mode only. As shown in FIG. 18, turns ratio n, required
for the combination is greater than the turns ratio n, required
when operation is limited to the Regulated Ratio mode.
[0133] Furthermore, as illustrated in FIG. 19, where the
control strategy employs the above-described combination of
the Fully Regulated and the Regulated Ratio operational
modes, the output voltage V_,, may be larger in the whole
working region, which may allow the output power P, ,to be
increased without increasing the output current that is the
limiting factor in the design.

[0134] FIG. 20 is a schematic illustrating the variation of
the IBC’s output current ripple 1,.,,,,, with the input voltage
V,,,. Where the offset target voltage signal generator 3440-2
operates in the Regulated Ratio mode, the output current
ripple I, is constant and independent of the input voltage
V,,,, in contrast with the Fully Regulated part of the combi-
nation control strategy, where the current ripple 1,,,,,.
increases with input voltage V,,. This implies that the pure
Regulated Ratio can use a smaller inductor for a given ripple
requirement than the combination control strategy. However,
a larger inductor is preferable in terms of active current shar-
ing.

EXPERIMENTAL RESULTS

[0135] The inventors have performed experiments to test
the effectiveness of the regulated IBC described herein in
suppressing inrush currents and voltage transients that would
otherwise occur on the IVB 1400 when the IBC’s input volt-
age changes abruptly. The results of these experiments are
shown in FIGS. 21 to 24.

[0136] FIGS. 21 and 22 show measurement results
obtained from an unregulated IBC, and an IBC 3000 accord-
ing to the second embodiment of the present invention,
respectively.

[0137] In both cases, the output of the IBC was connected
to a bank of capacitors with low ESR to simulate the decou-
pling capacitance of the IVB in the IBA power supply system.
The capacitor bank had a total capacitance of 2.5 mF, and the
input voltage V,, to the IBC was stepped up from 40V to 50
V. In FIGS. 21 and 22, trace C-1 shows the measured output
voltage V., trace C-2 shows the measured input voltage V,,,,
and trace C-3 shows the measured load current to the load
capacitor bank.

[0138] In the background example of FIG. 21, the load
current increases sharply in response to the input voltage V,,
step, rising to a peak value of about 55 A. The output voltage
V.. changes as quickly as the input voltage V,,, which causes
ringing on both the input voltage line and the output voltage
line when a low impedance source with a large input capacitor
is used.

[0139] FIG. 22 shows that, in the IBC 3000 of the second
embodiment, the inrush current to the load capacitors is vir-
tually eliminated. Instead, the output current changes
smoothly between its initial and final values, with no large
fluctuations. In this case, the input voltage V,, step of 10 V
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produces a 2 V change in the output voltage V_,,, over approxi-
mately 3 ms, as compared to 100 microseconds or so in the
case of FIG. 21. As with the output current, the output voltage
V.. also changes smoothly between its initial and final val-
ues, with no large fluctuations. This smooth change in the
output current and output voltage also ensures that power
delivery to the IBC’s load remains constant. This is clearly
not the case in the background example of FIG. 21, where the
output voltage V_,, is relatively stable whilst the output cur-
rent fluctuations remain large. It should be noted that the
oscillations in the measured input voltage V,, illustrated by
trace C-2 in FIG. 22 are due to noise.

[0140] FIGS. 23 and 24 show the results of experiments
performed by the inventors to compare the performance of a
regulated IBC 3000, controlled using a controller according
to an embodiment of the present invention, with that of an
unregulated IBC, to demonstrate the superior response of the
IVB voltage to fluctuations in the IBC’s input voltage.
[0141] More particularly, the controller used in the regu-
lated IBC 3000 was substantially the same as that shown in
FIG. 12 and described above, however some components
were omitted or reconfigured. The offset target voltage gen-
erator 3440-1, and low-pass filter 3450 were omitted from the
controller and the PID regulator 3470 was configured to gen-
erate the signal defining a switching duty cycle in dependence
upon only the deviation signal V.

[0142] In the experiments, the IBCs had an input voltage
V,,, range of 38-55V and a transformer ratio of 4:1, yielding
an ideal output voltage V , range 0f 9.5-13.75 V.

[0143] In FIG. 23, the input voltage transients of the fixed
ratio (4:1) unregulated IBC, and the regulated IBC 3000, are
shown for a scenario in which the input voltage V,, step raises
from 38 V to 55V with a rise time of 100 ps and with a load
current of 0 A.

[0144] The unregulated IBC shows a rapid output voltage
V... increase with a large overshoot and large ringing with
less damping compared with the regulated IBC 3000.

[0145] The inventors have found that the voltage dip in the
regulated IBC 3000 is due to a delay in the measurement of
the input voltage V,,, by the controller, and have further found
that reducing this delay may reduce this dip.

[0146] The inventors have also found that another possible
solution to prevent the initial dip in output voltage V_,, of the
regulated IBC 3000 is to perform control using the controller
to limit the switching duty cycle range, so as to apply a
minimum switching duty cycle, for example of 70%. This
prevents the switch control signal generator 3480 from out-
putting a switch control signal S, with a switching duty cycle
below 70%.

[0147] The simulation of FIG. 23 (voltage rise from 38 V to
55V with a rise time of 100 us and with aload current of 0 A)
was therefore repeated applying a minimum switching duty
cycle of 70% to the primary side circuit 3100 of the regulated
IBC 3000. The results are shown in FIG. 24. As shown in FIG.
24, the dip is removed and the damping of the oscillations is
improved by applying a minimum switching duty cycle
threshold.

MODIFICATIONS AND VARIATIONS

[0148] Many modifications and variations can be made to
the embodiments described above, without departing from
the scope of the present invention.

[0149] For example, the controller 3400 can be imple-
mented using either analog or digital electronics, with no loss
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of performance. In a digital implementation of the controller
3400, the target voltage signal generator 3410-1, 3410-2, the
offset target voltage signal generator 3440, the deviation sig-
nal generator 3460 and/or the regulator 3470 may be imple-
mented as software components that may form at least a part
of a computer program, module, object or sequence of
instructions executable by a programmable signal processing
apparatus such as a microprocessor.

[0150] The offset target voltage signal generator 3440-2 of
the above-described third embodiment is configured to
switch between its first and second modes of operation by the
target voltage signal selector 3443 selecting the smaller of
signals Vg, and V. ., which have been generated by a
reference source and the adder 3442, respectively. However,
the switch may alternatively be performed by comparing the
signal indicative of the IBC input voltage V,, against a thresh-
old and then generating either V5, or V-, ., depending on
the result of this comparison.

[0151] Although the low-pass filter 3450 is provided
between the offset target voltage signal generator 3440 and
the deviation signal generator 3460 in the second and third
embodiments described above, it should be noted that the
low-pass filter 3450 may alternatively be provided elsewhere
in the controller 3400 so as to filter the signal S, indicative of
the IBC input voltage V ,,, or a signal based thereon before the
signal is passed to the deviation signal generator 3460. Thus,
more generally, the low pass filter 3450 may be provided
anywhere between the input terminal 3420 and the deviation
signal generator 3460. In this connection, it should be noted
that the input terminal 3420 need not be provided on the
circuit board of the controller 3400 and should be regarded
more generally as any node or point in the controller 3400 that
receives a signal indicative of the input voltage V, . However,
in some analog implementations of the controller 3400, in
which one or more of the components themselves are signifi-
cant sources of noise, it may be advantageous to connect the
low-pass filter 3450 directly to an input of the deviation signal
generator 3460, as in the above-described second and third
embodiments.

[0152] The regulator 3470 may be of any type and not
specifically a PID regulator. For example, it may be a PI, PD,
or lead lag compensation regulator, or another type of regu-
lator.

[0153] The controller 3400 may be placed on either the
primary or the secondary side of the isolation barrier 3500 in
the IBC 3000. Depending on the placement of the controller
3400, one or more of the signals S,, S, and S, may need to be
transferred over the isolation barrier 3500 whilst maintaining
galvanic isolation of the primary side circuit 3100 and sec-
ondary side circuit 3300. There are many well-known tech-
niques for achieving this, as described in relation to device
3600-1 in FIG. 3.

[0154] Further, the primary side circuit 3100 is not limited
to an H-bridge topology and may use any number and
arrangement of switching elements to create an alternating
voltage in the primary winding of the voltage transformer
3200.

[0155] The embodiments described above employ second-
ary side control of the IBC’s switching elements, with all of
the components of the controller 3400 (including the switch
control signal generator 3480) being provided on the second-
ary side of the isolation barrier 3500. However, the compo-
nents of the controller 3400 need not all be provided on the
same side of the isolation barrier 3500. For example, in the
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case of primary side control of the IBC elements’ switching,
the switch control signal generator 3480 may be disposed on
the primary side of the isolation barrier 3500, with the
remaining components of the controller 3400 being disposed
on the secondary side of the isolation barrier 3500. In this
case, the signal received by the switch control signal genera-
tor 3480 (either from the regulator 3470 or, as the case may
be, from the deviation signal generator 3460) would be trans-
ferred across the isolation barrier 3500. There are many well-
known techniques for achieving this, as described in relation
to device 3600-1 in FIG. 3.

[0156] Additionally, the topology of the voltage trans-
former 3200 is also not limited to that shown in FIGS. 6 and
15. Specifically the secondary side winding may be centre-
tapped, as shown, multi-tapped or a single winding.

[0157] Furthermore, the secondary side circuit 3300 is not
limited to a synchronous rectification topology, and full- or
half-wave rectification may be used and provided by diodes
instead of active switching elements.

[0158] The inventors have found that the above-described
IBA power supply system 2000 may work particularly well
when the controller 3400 is implemented with active droop,
which may enable passive current sharing or the paralleling of
several identical IBCs within the system. In embodiments
which incorporate active droop, the deviation signal genera-
tor 3460 is further arranged to received a signal indicative of
the output current of the IBC 3000 and generate the deviation
signal V , in dependence on the signal indicative of the output
current, the target voltage signal V. and the feedback signal
So-
[0159] By way ofexample, FIG. 25 shows a modification of
the controller 3400-3 of the third embodiment which incor-
porates active droop. In this variant, the active droop is
obtained by measuring the output current I ,,, and then modi-
fying the calculation of the deviation signal V, according to
the following equation:

Vormin {¥r_open Vipre SourLowRaroop Equation 6

[0160] InEqn. 6 above,I,,, is the output current of the IBC
3000 and R ,,,,,, is the artificial droop resistance.

[0161] In the drawings and specification, there have been
disclosed typical preferred embodiments of the invention
and, although specific terms are employed, they are used in a
generic and descriptive sense only and not for purposes of
limitation, the scope of the invention being set forth in the
following claims.

What is claimed is:

1. An intermediate bus architecture power supply system
comprising a first stage switching voltage converter arranged
to convert an input voltage at an input of the first stage switch-
ing voltage converter to an output voltage at an output of the
first stage switching voltage converter, the output of the first
stage switching voltage converter being connected via an
intermediate voltage bus to an input of at least one second
stage DC-10-DC voltage converter, the first stage switching
voltage converter comprising:

a primary side circuit connected to the input of the first
stage switching voltage converter and comprising a
switching element;

a secondary side circuit coupled to the primary side circuit
by a galvanically isolated voltage transformer that pro-
vides an isolation barrier between the primary and sec-
ondary side circuits, the voltage transformer being
arranged to transform a primary side voltage generated
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by switching of the switching element in the primary

side circuit to a secondary side voltage, the secondary

side circuit comprising:

arectifying circuit arranged to rectify the secondary side
voltage from the voltage transformer to generate the
output voltage; and

a feedback signal generator arranged to generate a feed-
back signal indicative of the output voltage of the first
stage switching voltage converter;

the first stage switching voltage converter further compris-
ing a controller operable to generate a switch control
signal to control a switching duty cycle of the switching
element, the controller comprising:

a target voltage signal generator operable to generate a
target voltage signal that is indicative of a target out-
put voltage of the first stage switching voltage con-
verter;

adeviation signal generator arranged to receive the feed-
back signal and operable to generate a deviation sig-
nal based on the target voltage signal and based on the
feedback signal, wherein the deviation signal is
indicative of a deviation of the output voltage of the
first stage switching voltage converter from the target
output voltage; and

a switch control signal generator operable to generate
the switch control signal to control the switching duty
cycle of the first stage switching voltage converter in
dependence upon the deviation signal.

2. The intermediate bus architecture power supply system
according to claim 1, wherein the target voltage signal gen-
erator is operable to generate a predetermined target voltage
signal that is independent of the input voltage.

3. The intermediate bus architecture power supply system
according to claim 1, wherein the controller further comprises
an input terminal for receiving a signal indicative of the input
voltage of the first stage switching voltage converter;

wherein the target voltage signal generator is operable to
generate, in dependence upon the signal received via the
input terminal, the target voltage signal as a function of
the input voltage.

4. The intermediate bus architecture power supply system
according to claim 3, wherein the controller further comprises
alow pass filter connected between the input terminal and the
deviation signal generator, in series with the target voltage
signal generator.

5. The intermediate bus architecture power supply system
according to claim 4, wherein the low pass filter has a user
adjustable time constant.

6. The intermediate bus architecture power supply system
according to claim 4, wherein the low pass filter is arranged to
respond to an increase in the input voltage of the first stage
switching voltage converter with a first time constant, and to
a decrease in the input voltage of the first stage switching
voltage converter with a second time constant that is different
from the first time constant.

7. The intermediate bus architecture power supply system
according to claim 6, wherein the first time constant is
between 0.3 ms and 3 ms, and the second time constant is
between 0.06 ms and 0.6 ms.

8. The intermediate bus architecture power supply system
according to claim 3, wherein the controller further comprises
an offset target voltage signal generator operable to generate
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an offset target voltage signal by combining the target voltage
signal with an offset signal, the offset signal being indepen-
dent of the input voltage;

wherein the deviation signal generator is operable to gen-

erate the deviation signal based on the offset target volt-
age signal and based on the output voltage.

9. The intermediate bus architecture power supply system
according to claim 8, wherein the offset target voltage signal
generator comprises an offset signal generator operable to
generate a variable offset signal.

10. The intermediate bus architecture power supply system
according to claim 9, wherein the offset signal generator is
arranged to receive a signal indicative of a measured tempera-
ture of the first stage switching voltage converter and
arranged to generate the offset signal in dependence upon the
measured temperature.

11. The intermediate bus architecture power supply system
according to claim 9, wherein the offset signal generator is
arranged to receive a signal indicative of an output load of the
first stage switching voltage converter and arranged to gen-
erate the offset signal in dependence upon the output load.

12. The intermediate bus architecture power supply system
according to claim 9, wherein the offset signal generator is
arranged to receive a signal indicative of an input from a user
and arranged to generate the offset signal in dependence upon
the received signal.

13. The intermediate bus architecture power supply system
according to claim 8, wherein the offset target voltage signal
generator comprises an adder arranged to add the offset signal
to the target voltage signal.

14. The intermediate bus architecture power supply system
according to claim 8, wherein:

the offset target voltage signal generator is operable in a

first mode to generate the offset target voltage signal by
combining the target voltage signal with an offset signal,
the offset signal being independent of the input voltage,
and operable in a second mode to generate a predeter-
mined target voltage signal that is independent of the
input voltage, the offset target voltage signal generator
being configured to operate in the second mode when the
input voltage exceeds a threshold value, and to operate in
the first mode when the input voltage is equal to or
smaller than said threshold value; and

the deviation signal generator is operable to generate the

deviation signal based on the offset target voltage signal
and based on the output voltage when the offset target
voltage signal generator operates in the first mode, and is
operable to generate the deviation signal based on the
predetermined target voltage signal and based on the
output voltage when the offset target voltage signal gen-
erator operates in the second mode.

15. The intermediate bus architecture power supply system
according to claim 14, wherein the offset target voltage signal
generator comprises a target voltage signal selector operable
to select the smaller of the generated offset target voltage
signal and the predetermined target voltage signal for output
by the offset target voltage signal generator.

16. The intermediate bus architecture power supply system
according to claim 3, wherein the target voltage signal gen-
erator is arranged to receive a signal indicative of an input
from a user and arranged to set, in dependence upon the
received signal, the function which relates the target voltage
signal to the input voltage.
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17. The intermediate bus architecture power supply system
according to claim 1, wherein the deviation signal generator
is arranged to generate the deviation signal by subtracting one
of the feedback signal and the target voltage signal from the
other of the feedback signal and the target voltage signal.

18. The intermediate bus architecture power supply system
according to claim 1, wherein the deviation signal generator
is arranged to receive a signal indicative of an output current
of'the first stage switching voltage converter and operable to
generate the deviation signal based on the target voltage sig-
nal, the feedback signal and the output current.

19. The intermediate bus architecture power supply system
according to claim 1, wherein the controller further comprises
a regulator operable to generate a signal defining a duty cycle
to be used by the first stage switching voltage converter in
dependence upon the deviation signal;

wherein the switch control signal generator is arranged to
generate the switch control signal in dependence upon
the signal defining the duty cycle.

20. The intermediate bus architecture power supply system
according to claim 19, wherein the regulator is further
arranged to receive a signal indicative of the input voltage of
the first stage switching voltage converter, and operable to
generate the signal defining the duty cycle in dependence
upon both the deviation signal and the received signal that is
indicative of the input voltage.

21. The intermediate bus architecture power supply system
according to claim 20, wherein the regulator is operable to:

generate the signal defining the switching duty cycle in
dependence upon the deviation signal, the received sig-
nal that is indicative of the input voltage, and at least one
control parameter; and

adjust the at least one control parameter in dependence
upon the received signal that is indicative of the input
voltage.

22. The intermediate bus architecture power supply system
according to claim 19, wherein the regulator is one of a PID
regulator, a PI regulator, a PD regulator and a lead lag com-
pensation regulator.

23. The intermediate bus architecture power supply system
according to claim 1, wherein the switch control signal gen-
erator comprises a pulse width modulator.

24. The intermediate bus architecture power supply system
according to claim 1, wherein the switch control signal gen-
erator is arranged to generate a switch control signal to keep
the duty cycle of the first stage switching voltage converter
above a predetermined minimum value.

25. The intermediate bus architecture power supply system
according to claim 1, further comprising a power input mod-
ule arranged to supply the input voltage to the input of the first
stage switching voltage converter, the power input module
comprising:

a first input for receiving power from a first power source
and a second input for receiving power from a second
power source;

an input selector operable to select, in dependence upon a
first voltage at the first input of the power input module
and a second voltage at the second input of the power
input module, at least one of the first and second inputs
of the power input module from which the power input
module is to draw power and generate the input voltage
for the first stage switching voltage converter;
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a power supply interruption detector arranged to detect an
interruption in power drawn from at least one of the first
and second inputs of the power input module; and
an interrupt delay circuit comprising a delay capacitor, the
interrupt delay circuit being arranged to:
charge the delay capacitor with current from one or both
of'the first and second inputs of the power input mod-
ule to athird voltage that is higher than each of the first
and second voltages; and

in response to a detection of an interruption in power
drawn from at least one of the first and second inputs
of the power input module by the power supply inter-
ruption detector, discharge the delay capacitor
through the input of the first stage switching voltage
converter.



